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ABSTRACT In the United States, every year an
average of 287.1 eggs are consumed per person, and over
14.1 billion eggs are set in hatchery incubators to produce
chicks destined for the egg and meat bird industries. By
reducing the microbial load on eggs, food-borne—associ-
ated outbreaks can be reduced while good chick health is
maintained. Pulsed ultraviolet (PUV) light system de-
livers an energy-intense broad spectrum (100-1,100 nm)
pulse derived from a xenon flashlamp. In recent years,
PUYV light has been shown to reduce microbial pathogens
on the surface of shell eggs by using a static PUV light
system. In this study, shell eggs were surface inoculated
with FEscherichia coli or Enterococcus faecium and
treated with PUV light using a modified egg candling
conveyor that provided complete rotation of eggs under a
flashlamp. Pulsed UV light treatment inactivated both
microbial strains, with greater energy resulting in a
greater germicidal response (P < 0.05). Treatments of

1.0, 2.4, 3.1, and 4.9 J/cm® resulted in microbial re-
ductions (Logyy CFU/cm?) of 3.83, 4.26, 4.28, and 4.62
for E. coli and 2.04, 3.12, 3.11, and 3.82 for F. faecium,
respectively. This study also evaluated the effects of
PUV light treatment of hatching eggs (commercial
Leghorn hybrids) on both embryo and chick growth
parameters. Using the same system, 4 replicates of 125
fertile eggs per rep were treated with 0 (control), 4.9,
24.4, or 48.8 J/cm® of PUV light. After processing, eggs
were placed in a commercial incubator under normal
incubation conditions. There was no significant effect of
the PUV light treatment on percent fertility, hatch-
ability, or hatch (P > 0.05). Furthermore, there were no
significant effects on posthatch observations, including
livability and average bird weight at hatch or at 42 d of
age (P > 0.05). In conclusion, this study supports the
application of PUV light as an effective antimicrobial
intervention for both table and hatching eggs.
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INTRODUCTION

The egg industry in the United States provides both
table eggs for consumption and hatching eggs produced
for maintenance of future poultry flocks. According to
the National Agricultural Statistics Service, the United
States produces approximately 99.1 billion table eggs
per year (USDA, 2020) to accommodate the average in-
dividual consumption of 287.1 eggs annually (AEB,
2019). Furthermore, according to the National Agricul-
tural Statistics Service, in 2019 approximately 14.1
billion eggs were utilized to produce broiler-type and
layer-type chicks and replenish the poultry industry
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needs (USDA, 2020). With the current scale of egg pro-
duction, ensuring safety of consumers, producers, and
animal welfare is crucial.

Between 2009 and 2015, the Centers for Disease Control
and Prevention reported that table eggs accounted for 9% of
total foodborne illnesses in the United States (Dewey-
Mattiaet al., 2018). Salmonella entericaserovars Typhimu-
rium and Enteritidis are the major pathogens associated
with egg-borne outbreaks. To ensure food safety during
table egg processing, distribution, and consumption, eggs
are primarily washed with a hot detergent solution and
rinsed with a sanitizer solution (O'Bryan et al., 2017). A va-
riety of sanitizers have been investigated including chlorine,
hydrogen peroxide, electrolyzed oxidizing water, ozone, UV
light, pulsed ultraviolet light, etc., resulting in a range of
effectiveness, affordability, and accessibility (Keener,
2017; Vinayananda et al., 2017).

In addition to the food safety concerns of table eggs,
decontamination of hatching eggs is also important for
maintaining good chick health. When hatching, chicks
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are exposed to microorganisms present in the environ-
ment, including those on the surface of eggshells, some
of which can be pathogenic. Pathogenic strains of
Escherichia coli can cause significant poultry health
problems that result in economic losses because of costs
of containment, mortality, and carcass disposal (Shane
and Faust, 1996; Mellata, 2013). Commercial decontam-
ination of hatchery eggs is primarily achieved with use of
chemical sanitizers (Williams, 1970; Shane and Faust,
1996). Numerous studies have investigated various in-
terventions for decontamination of hatching eggs,
including but not limited to chlorine dioxide foam
(Patterson et al., 1990), alkylated pyrazines
(Kusstatscher et al., 2017), and UV light (Turtoi and
Borda, 2014).

Pulsed ultraviolet (PUV) light has emerged as a novel
technology that continues to prove effective as an anti-
microbial intervention for food surfaces, including shell
eggs. Pulsed UV light is termed as a result of the broad
spectrum (100-1,100 nm) emitted from a xenon flash-
lamp that is delivered in a series of pulses (100 ns to
2 ms) with over 50% of the energy originating from the
UV region (100400 nm). The main germicidal mecha-
nism of PUV light is the formation of DNA thymine di-
mers as a result of UV exposure. Secondary germicidal
mechanisms are a result of longer wavelengths in combi-
nation with short pulses that produce localized heating
and microvibrations, respectively, that contribute to mi-
crobial cell membrane collapse and death (Sonenshein,
2003; Krishnamurthy et al., 2010; Cassar et al., 2020).
In addition to PUV light’s antimicrobial effectiveness
for numerous other foods, it has also been reported to
achieve a significant reduction of Salmonella serotypes
on the surface of eggshells (Hierro et al., 2009; Keklik
et al., 2010; Lasagabaster et al., 2011) and in liquid
egg (Ouyang et al., 2020).

Specific to eggshells, Keklik et al. (2010) inoculated a
2 cm? surface area of shell eggs with Salmonella Enter-
itidis before treatment with PUV light. By adjusting
proximity and duration of exposure to PUV light, mi-
crobial reductions ranged from 1.3 to 7.7 Log;q CFU/
em? after 0.8 to 35.3 J/cm® Hierro et al. (2009) also
investigated the decontamination of Salmonella Enteri-
tidis on the exterior of washed and unwashed shell eggs.
Eggs were inoculated by submersion then placed on a
quartz glass window between 2 PUV light flashlamps
for treatment. The microbial reduction ranged from
0.14 to 249 and 0.21 to 1.85 Log;, CFU/cm? for
washed and unwashed eggs, respectively, after 2 to
12J/ cm? of PUV light exposure. Using the same system
as Hierro et al. (2009), Lagasabaster et al. (2011) inoc-
ulated the surface of shell eggs with Salmonella Typhi-
murium before PUV light treatment. After exposure to
2.1 J/cm? of PUV light, a 5.0 and 4.9 Log,, CFU /cm?
reduction was reported on the surface of washed and
unwashed eggs, respectively. Ouyang et al. (2020)
used PUV light to inactivate Salmonella Enteritidis
inoculated in liquid egg white. After 45.6 J/cm? of
PUV light exposure, a significant reduction of 1.98
Log1o CFU/mL was reported.

These previous studies mentioned above document
the significant reduction of Salmonella on the surface
of shell eggs or liquid egg treated with PUV light. This
study differs from previous research using a modified
commercial egg candling system to convey and rotate
eggs under a PUV light flashlamp. The design of the
PUV light conveyor system used in this project is an
example of how commercially processed eggs could be
treated. The objectives of this experiment are 1) to
further evaluate the germicidal response on the surface
of shell eggs after treatment by pulsed ultraviolet light
with the commercial egg conveyor and 2) to evaluate in-
cubation and grow-out parameters of hatching eggs
treated with the selected PUV light doses.

MATERIALS AND METHODS
Pulsed Ultraviolet Light System

Pulsed ultraviolet light was generated from a xenon
flashlamp connected to a Pulsed Light RC-802 Inter-
weave System (model Z-5000; Xenon Corporation, Wil-
mington, MA). Eggs were exposed to PUV light using a
flashlamp positioned above a modified egg candling
conveyor (Figure 1). The 128 cm long by 29 cm wide
conveyor was fitted with adjustable braces to support
a flashlamp housing and the 40.6 cm xenon gas flashlamp
that was centered along the length of the conveyor. The
conveyor had a fixed speed of 4.8 cm/s, which resulted in
a complete 360° rotation along the equator of the egg
approximately every 17 cm. Processing time for a single
pass was 26.7 s. The lamp pulsed 3 times (360 ps/pulse)
per second emitting a polychromatic spectrum (100-
1,100 nm) with over 50% of the total energy deriving
from the UV region (Sonenshein, 2003).

The total energy emitted from the PUV flashlamp was
measured using a Nova Laser Power/Energy Monitor
(P/N 1J06013, OPHIR Optronics Ltd., Wilmington,
MA) with a 46 mm aperture pyroelectric metallic
absorber (P/N 1702860, OPHIR Optronics Ltd.). The
power monitor measured the total energy that was deliv-
ered across a single plane within the treatment space. To
account for the constant rotation of the eggs, the total
energy measured was divided in half because only one
half of any given egg was exposed to PUV light at any
given time on the conveyor.

Eggs

The eggs used in both the microbial response and
hatchability portions of this study were provided by
the Hy-Line North America hatchery (Elizabethtown,
PA) and produced by 48-week-old Lohmann LSL Light
hens. Eggs weighed on average was 60.2 = 2.0 g and had
an average surface area of 71.5 * 3.8 cm?, which falls
within the classification of “Large” eggs (USDA, 2000).
Surface area was calculated using a modeling system
described by Troscianko (2014). Eggs were not altered
in any way before treatment, though eggs with visible
surface debris were excluded from the study.
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Conveyor Motor Control

Figure 1. Modified egg candling conveyor fixed with a xenon PUV light flashlamp. Abbreviation: PUV, pulsed ultraviolet.

Microorganisms

E. coli K12 and FEnterococcus faecium (NRRL B-
2354) were selected as nonpathogenic model microor-
ganisms as supported by previous research (Boney
et al., 2018; Cassar et al., 2019, respectively). E. coli
K12 was obtained from the E. coli Reference Center
at the Pennsylvania State University (University
Park, PA). Naladixic acid and streptomycin sulfate
antibiotic resistant (NSR) cultures were prepared as
described by Catalano and Knabel (1994), and a work-
ing culture of E. coli K12-NSR was derived from a
frozen culture prepared by Cassar et al. (2019). Cul-
tures were maintained in tryptic soy broth (BD-Difco,
Franklin Lakes, NJ) supplemented with 0.6% of yeast
extract and 100 mg/mL of both nalidixic acid and
streptomycin sulfate (TSBYE-NS). E. coli K12-NSR
was plated on tryptic soy agar (BD-Difco) supple-
mented with 0.6% of yeast extract and 100 mg/mL of
both nalidixic acid and streptomycin sulfate. Working
cultures were subcultured every 14 d and maintained
in TSBYE-NS at 4°C.

E. faecium (NRRL B-2354) was obtained from the
Pennsylvania State University Food Science Culture
Collection. Stock cultures were prepared and kept at
cryopreservation conditions (—80°C) in sterile Brain
Heart Infusion broth (DOT Scientific, Burton, MI)
with 20% glycerol. Stock cultures were aseptically trans-
ferred to tryptic soy broth supplemented with 0.6%
yeast extract (TSBYE) and incubated for 24 h at 37°C
to create a working culture. E. faecium was plated on

m-Enterococcus agar (Neogen; Lansing, MI). Working
cultures were maintained in TSBYE at 4°C and subcul-
tured every 14 d.

Inoculum Preparation and Inoculation

An inoculum of E. coli K12-NSR was prepared as
described by Cassar et al. (2019). The E. coli K12-
NSR working cultures were transferred into 1,000 mL
TSBYE-NS and incubated at 37°C for 24 h. For E. fae-
cium inoculum, working cultures were transferred to
1,000 mL of TSBYE and incubated at 37°C for 24 h.
After incubation, E. coli KI12-NSR and FE. faecium
working cultures were centrifuged at 10°C and
3,330 X g for 30 min, the supernatant was removed,
and 1,000 mL of sterile buffered peptone water
(BPW; BD) was used to resuspend the pellet, yielding
10® to 10 Log;, CFU/mL. Eggs were removed from
cooler storage 6 h before being inoculated to reach
room temperature (ca. 20°C). Fifteen eggs were placed
into a sterile plastic container positioned in a rotating
water-bath (Precision, Winchester, VA) at 100 rpm
with room temperature water (ca. 20°). One thousand
milliliter of either F. coli K12-NSR or E. faecium inoc-
ulum was added to the containers with 15 eggs each.
Eggs, submersed for 10 min, were then aseptically
transferred to an incubator (37°C) for 30 min to allow
surface drying and contribute to microbial surface
attachment, resulting in a 10* to 10° Log;y CFU/cm?
population.
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Pulsed Ultraviolet Light Treatment System

Table Eggs Inoculated eggs were held for 30 min at ca.
37°C to dry the egg surface and contribute to microbial
attachment before PUV light treatment. The flashlamp
was positioned parallel to the long axis of the conveyor at
9.5, 14.5, and 19.5 cm above the surface of the eggs to
deliver 4.9, 3.1, and 2.4 J/ cm?, respectively. The flash-
lamp was also positioned perpendicular to the long axis
of the conveyor at 14.5 cm above the surface of the
eggs to deliver 1.0 J /cm2. Four treatment levels were
used with 15 eggs in each treatment exposed to a total
energy of 1.0, 2.4, 3.1, and 4.9 J/cm?® of PUV light,
respectively. Immediately before and following PUV
light treatment, the surface temperature of the eggs
was measured using a noncontact infrared thermometer
(Lasergrip 800; Etekcity, Anaheim, CA).

Fertile Eggs Using the same modified egg candling
conveyor, the xenon flashlamp was positioned 9.5 cm
above and parallel to the long axis of the conveyor. At
this setting, eggs were passed under the PUV light 1,
5, or 10 times in series to deliver 3 energy treatments
of 4.9, 24.4, and 48.8 J/ch, respectively. A total of
2,000 fertile eggs were used in this phase of the study
divided equally into 4 replicates per treatment level (n
= 125 eggs/rep) for PUV light treatments of 0 (control),
4.9, 24.4, and 48.8 J/cm?. Similar, to table eggs, fertile
egg surface temperatures were recorded following
treatment.

Microbial Analysis of Table Eggs

E. coli K12-NSR and E. faecium inoculated eggs were
treated separately when evaluating the impact of PUV
light on microbial reduction of eggs. At each treatment
level, eggs (n = 15) were evaluated for both E. coli K12-
NSR and E. faecium. Following treatment, eggs were
aseptically transferred to a filtered stomacher bag
(Classic 400, Seward Ltd., Worthing, UK), with 70 mL
of BPW (Thermo Fisher Scientific, Oxoid Ltd., Basing-
stoke, UK). Samples were then vigorously shaken by
hand for 30 s before being serially diluted in BPW. E.
coli K12-NSR and FE. faecium samples were plated on
tryptic soy agar supplemented with 0.6% of yeast extract
and 100 mg/mL of both nalidixic acid and streptomycin
sulfate and m-Enterococcus agar plates, respectively, us-
ing an autoplater (Autoplate 4000; Spiral Biotech, San
Diego, CA) and incubated at 37°C for 24 h. Microbial re-
ductions (Log;y, CFU/cm®) were determined by
comparing CFU counts of treated samples to the CFU
counts of controls (untreated samples). Natural micro-
flora, if present, would have been accounted for when
comparing treated samples to controls. For samples
that resulted in zero colonies, enrichment was performed
by transferring 1 mL from the BPW rinse solution to a
9 mL solution of TSBYE-NS and TSBYE for E. coli
K12-NSR and F faecium, respectively. After incubation
for 24 h at 37°C, positive enrichment was determined
by the presence of microbial growth in the broth. The
minimum detection limit was calculated as 1.3

Log;o CFU/cm? and was subtracted from the initial log
concentration number when samples resulted in zero col-
ony plate counts with a positive enrichment.

Incubation and Grow-Out of Hatching Eggs

After PUV light treatment, fertile eggs were placed in
a commercial incubator (Chick Master, Englewood, NJ)
and incubated for 18 d. From the set day through day 18
of incubation, eggs were rotated 45° every hour at 37.6°C
and 47.5% relative humidity. From day 18 until
hatch, eggs were incubated in a commercial hatcher
(Chick Master) maintained at 36.8°C and 65% relative
humidity. Percent fertility was determined manually us-
ing an egg candler to observe embryonic development af-
ter 5 d of incubation. After 21 d of incubation, the
percent hatch and hatchability were measured and
recorded as a percentage of chicks from all set eggs and
the percentage of chicks from the fertile eggs set, respec-
tively. Hatched treatment chicks were randomly distrib-
uted to pullet rearing cages with 25 chicks per cage and
20 replicate cages per treatment. Chicks were fed a com-
mercial pullet starter crumble diet. Average bird weight
was calculated by dividing cage weight by the number of
birds in each respective cage. Weights were recorded
immediately after hatch and at day 7 and day 42 of rear-
ing. Additionally, percent livability was calculated at 7
and 42 d of rearing as a percentage of chicks placed.
The procedures followed during this study and the
training of the personnel were approved by The Pennsyl-
vania State University Institutional Animal Care and
Use Committee, [ACUC #01193.

Statistical Analysis

Data analysis was performed using the Statistical
Analysis Software 9.4 (SAS, Cary, NC). Table egg pa-
rameters were evaluated using a l-way ANOVA
(PROC GLM) for the effect of PUV light on microbial
reduction and change in surface temperature with 15
measurements per treatment. Fertile eggs were evalu-
ated for percent fertility, hatch, hatchability, and
livability at 7 and 42 d using PROC GLM with an
ARC SIN transformation of the percentage data.
PROC GLIMIX was used to evaluate average bird
weight at 1, 7, and 42 d of age. Tukey’s multiple compar-
ison test was used to separate means when the F-test was
significant, P < 0.05 (Steel and Torrie, 1960).

RESULTS AND DISCUSSION

Microbial Response after PUV Light
Treatment

The Log;qreduction of F. coli K12-NSR and E. faecium
on the surface of shell eggs was evaluated after PUV light
treatment. For eggs inoculated with E. coli K12-NSR,
there was a significant reduction after exposure to PUV
light (P < 0.05). Microbial reduction was quantified by
comparing PUV-treated samples to untreated (control)
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Table 1. Microbial reduction on the surface of table eggs after treatment by PUV light (=SD).

Selective General
Microorganism Energy(J/cm?) Reduction(Logw CFU/cm?) CFU observed(% no-growth)' enrichment (% positive)® enrichment(% positive)’
Escherichia coli 1.0 >3.43 * 0.55" 60% 93% 100%
K12-NSR 24 >4.00 * 0.79° 73% 53% 60%
3.1 >3.76 = 0.61 80% 53% 60%
4.9 >4.54 = (.38" 100% 0% 20%
SEM 0.156
P-value P <0.0001
Enterococcus faecium 1.0 2.03 = 0.32° 0% n/a 100%
2.4 2.81 = 0.63" 0% n/a 100%
3.1 2.98 + 0.64" 13% n/a 100%
4.9 3.52 = 0.47" 13% n/a 100%
SEM 0.137
P-value P <0.0001

““Means within microorganism without common superscripts are significantly different (P < 0.05).
Abbreviations: PUV, pulsed ultraviolet; TSBYE-NS; tryptic soy broth supplemented with 0.6% of yeast extract and 100 mg/mL of both nalidixic acid

and streptomycin sulfate

'Percent of agar plates (n = 15) that did not result in growth of colony forming units.

2TSBYE-NS for selective enrichment of E. coli K12-NSR.
3TSBYE for general enrichment for E. coli and E. faecium.

samples. Microbial reduction was >3.43, >4.00, >3.76,
and >4.54 Log,, CFU /cm? after 1.0, 2.4, 3.1, or 4.9 J/
cm? treatment, respectively (Table 1). At each treatment
level, at least 1 egg resulted in positive growth on selective
agar. Therefore, for samples that did not produce any col-
onies, but had a positive enrichment, a final microbial
reduction was calculated by subtracting the minimum
detection limit (1.3 Log;o CFU/cm?) from the initial log
concentration. After 4.9 J/cm” of PUV light exposure,
there was complete surface inactivation of E. coli K12-
NSR with no growth in selective enrichment. Reduction
of E. coli K12-NSR observed on the surface of eggs after
a total energy of 4.9 J/cm® was significantly greater
compared with eggs treated with 1.0 and 3.1 J /cm* (P <
0.05). There was no significant difference in reduction of
E. coli K12-NSR for eggs treated with 1.0, 2.4, and
3.1J/cm? (P> 0.05).

For eggs inoculated with E. faecium, there was signifi-
cant reduction after exposure to PUV light (P < 0.05).
Microbial reduction observed was 2.03, 2.81, 2.98, and
3.52 Log,o CFU /cm*after 1.0,2.4, 3.1, or 4.9 J /cm? treat-
ment, respectively (Table 1). Reduction of E. faecium
observed on the surface of eggs after a total energy of
4.917J/ cm? was significantly greater compared with eggs
treated with 1.0, 2.4, and 3.1 J/em® (P < 0.05). There
was no significant difference in reduction of E. coli K12-
NSR for eggs treated with 2.4 and 3.1 J/cm?® (P > 0.05).

Table 2. Temperature change on the surface of table eggs after
PUV light treatment (£SD).

Treatment (J/cm?) Temperature (A°C)

1.0 0.24 + 0.15°
2.4 0.26 + 0.18°
3.1 0.61 * 0.32°
4.9 1.20 * 0.29°
SEM 0.067
P-value <0.0001

#“Means without common superscripts are significantly different
(P < 0.05).
Abbreviations: PUV, pulsed ultraviolet.

Though evaluated separately, E. coli K12-NSR and F.
faecium appear to have differing germicidal responses af-
ter exposure to PUV light at equal energy when initial
inoculation concentrations were similar. For eggs inocu-
lated with E. coli K12-NSR, every treatment level had
agar plates with no colony growth. At 1.0, 2.4, 3.1, and
4.9 J/em® of total energy, 60, 73, 80, and 100% of
TSBYE-NS plates did not result in the growth of FE.
coli colonies. In comparison, E. faecium resulted in col-
ony growth on m-Enterococcus agar at all treatment
levels. At 4.9 J/cm? of total energy, E. coli K12-NSR
resulted in a reduction of >4.54 Logq CFU/cm2
compared with 3.52 Logq CFU/Cm2 for F. faecium.
The difference in observed germicidal response is likely
associated with the physiological differences between
the microorganisms. FE. coli K12-NSR are gram-
negative and rod shaped, whereas FE. faecium are
gram-positive and cocci shaped. The thicker layer of
cell wall peptidoglycan associated with gram-positive
bacteria may be contributing a protective benefit against
the effects of PUV light exposure. Koutchma (2009) re-
ported that gram-positive bacteria are more resistant to
conventional UV light than gram-negative bacteria.
Rowan et al. (1999) and Anderson et al. (2000) both
concluded that susceptibility of microorganisms to
PUV light was greater for gram-negative bacteria
compared with gram-positive bacteria.

Regardless of germicidal response differences observed
between FE. coli K12-NSR and E. faecium, reductions
from this study are similar to previous shell egg decon-
tamination research with PUV light. Keklik et al
(2010) reported between 1.3 to 5.3 Log;o CFU /ecm? reduc-
tion of Salmonella Enteritidis on 2.0 cm? portions of egg-
shells exposed to 1.2 t0 24.8 J/ cm? of PUV light, without
any visible damage to the surface of the egg. It was re-
ported that greater exposures, 24.8 to 35.3 J/ cm?,
resulted in surface temperature increases of 13.3°C to
16.3°C. Hierro et al. (2009) and Lasagabaster et al.
(2011) inoculated the entire surface of shell eggs with Sal-
monella FEnteritidis and Salmonella Typhimurium,
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Table 3. Temperature change on the surface of hatching eggs after
PUV light treatment (£SD).

Treatment Temperature (A°C)
4.9 J/em? 1.3 + 0.09°
244 J/em? 44 %20

48.8 J/cm® 7.8 = 1.9°
SEM 0.339
P-value <0.001

““Means without a common superscript are significantly different
(P < 0.05).
Abbreviation: PUV, pulsed ultraviolet.

respectively, before treatment using a benchtop PUV
light system. In these studies, PUV flashlamps were posi-
tioned above and below a single egg held stationary in a
fixed position. After 12 J/ cm? of PUV exposure, Hierro
et al. (2009) reported that the reduction of Salmonella
Enteritidis on unwashed eggs was 2.49 Log;, CFU /cm?,
with 80% of the samples achieving the maximum observ-
able decontamination of 3.6 Log;y CFU/cm?. At 2.1 J/
cm? energy of PUV light, Lasagabaster et al. (2011) re-
ported a 4.9 Log;, CFU/cm? reduction of S. Typhimu-
rium on unwashed eggs. The findings of the current
study are mostly consistent with the reports cited above,
but further work directly comparing benchtop and
conveyor PUV light systems may be illuminating.

Energy and Temperature Profiles During
Pulsed UV Treatment

Owing to the broad-spectrum energy delivered by the
PUV lamp, surface temperature of eggs was measured
immediately following treatment. Treatment by PUV
light produced a significant (P < 0.05) increase in the
surface temperature of the eggs. The initial surface tem-
perature of the eggs was 21.5 = 1.1°C. After 1.0, 2.4,
3.1, and 4.9 J/ cm?, surface temperature increased
0.24°C, 0.26°C, 0.61°C, and 1.20°C, respectively
(Table 2). In another study, the change in temperature
on the surface of eggs treated with a total energy of 2.1
to 10.5 J/cm? was reported to increase 1.2°C to 4.2°C,
respectively (Lasagabaster et al., 2011). The apparent
difference in egg surface temperatures between previous
and current studies may be because of thermodynamic
differences in the PUV light systems. Using an enclosed
PUV light benchtop system, such as the one used by

Lasagabaster et al. (2011), the opportunity for heat to
build up in the treatment space is much greater
compared with the open system evaluated in this study.
In the current study, eggs are exposed to radiant energy
on only one side as they rotate. The other, shaded side
may be able to cool slightly while it is away from the
illumination.

Hatching Egg Response after PUV Light
Treatment

Parameters of commercial hatchery performance
including fertility, percent hatch, hatchability, and
livability were evaluated after PUV light treatment of
fertile eggs. The most favorable microbial reduction
response was observed at 4.9 J/cm? for both E. coli
K12 NSR and E. faecium; therefore, it was chosen as
the minimum PUV light exposure level for treating
hatching eggs. Additionally, in an effort to expose any
adverse effects of PUV light treatment on fertile eggs,
24.4 and 48.8 J/cm® were evaluated as extreme treat-
ment conditions.

Immediately after PUV light treatment of hatching
eggs, the surface temperature was measured. As previ-
ously observed, increasing PUV light exposure signifi-
cantly increased the egg surface temperature (P <
0.05). The initial surface temperature was
19.5°C = 2.4°C and increased 1.3, 4.4, and 7.8°C after
exposure to a PUV light of 4.9, 24.4, and 48.8 J/cm?,
respectively (Table 3). The greatest change in hatching
egg surface temperature, observed at 48.8 J/ cm?,
resulted in a final temperature of 29.4°C £ 2.4°C. This
final egg treatment temperature of 29.4°C is lower
than commercial incubation temperatures set at approx-
imately 37.5°C. These results indicate that at low levels
of exposure, PUV light raises egg temperature to a de-
gree that is not expected to affect hatching performance.
Though, after prolonged exposure to PUV light, the rise
in temperature may be undesirable.

There was no significant effect of PUV light on
percent fertility, hatch, hatchability, or livability of
fertile eggs exposed to 4.9, 24.4, and 48.8 J/Cm2 of
PUV light (P > 0.05; Table 4). Averaged across all treat-
ments, fertility and hatch were 92.4 and 87.8%, respec-
tively, whereas hatchability was 94.4%. However, there
appeared to be a numerical difference in percent

Table 4. Percent fertility, hatchability, and livability of eggs that received PUV

light treatment (=SD).

Livability %

Treatment % Fertility % Hatchability' % Hatch” 1wk 6 wk
Control 93.2 1.5 97.0 £ 0.9 904 £ 2.1 99.3 £ 1.6 96.7 £ 5.6
4.9 J/Cm2 92.0 £ 1.7 93.5 £ 2.2 86.0 = 0.5 99.4 £ 2.0 98.0 £ 4.1
24.4 J/’Cm2 93219 93.3 £ 2.8 87.0 £ 3.8 99.2 £ 1.7 98.2 £ 24
48.8 J/cm? 93.2 £ 4.2 94.0 £ 1.9 87.6 £4.9 99.1 £ 2.0 98.1 £ 2.8
SEM 1.291 1.031 1.644 0.388 0.784
P-value 0.8834 0.086 0.3148 0.8473 0.4058

}Percent of fertile eggs.
ZPercent of set eggs.
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Table 5. Bird weight after hatch from eggs that received PUV light
treatment (£SD).

Average bird weight

Treatment Day 1 Day 7 Day 42
Control ) 39.44 = 1.44 70.41 = 3.01* 477.09 £ 28.37
4.9 J/cmzt 39.58 = 0.92 65.43 + 4.86" 469.83 * 20.49
24.4 J/sz 39.94 = 1.24 72.34 = 4.95% 469.47 £ 29.83
48.8 J/cm2 39.53 = 0.89 69.40 * 6.56" 470.48 £ 25.51
SEM 0.255 1.124 5.873
P-value 0.5139 0.0005 0.7793

*P)Means without a common superscript are significantly different
(P < 0.05).
Abbreviation: PUV, pulsed ultraviolet.

hatchability between the untreated and treated eggs
(P = 0.086). Untreated eggs resulted in a 90.4% hatch-
ability, whereas treated eggs resulted in 86.0, 87.0, and
87.6% hatchability after 4.9, 24.4, and 48.8 J/Cm2 of
PUV light exposure. After 1 and 6 wk, average chick
livability was 99.3 and 98.5%, respectively. Pulsed UV
light treatment did not contribute to teratogenic effects
on developing embryos even at high treatment levels.
The absence of teratogenic effects is similar to findings
for fertile eggs exposed to continuous UV light by
Scott (1993), for 1, 3, or 5 min of UV light before incuba-
tion with no adverse effects on embryonic development
reported.

Average chick weights at hatch and after 7 and 42 d of
age are reported in Table 5. There were no significant dif-
ferences among treatment groups on the day of hatch and
after 42 d of grow out (P> 0.05). However, there were sig-
nificant differences among treatment groups after 7 d of
rearing (P < 0.05). Eggs treated with 4.9 J/cm? of PUV
light resulted in chicks that weighed significantly less
compared with all other treatment groups (P < 0.05).
There is no obvious explanation for this observation,
and this treatment difference did not continue into the
42-day body weight. Averaged across all treatment
groups, the chicks weighed 39.6, 69.4, and 471.6 g on
the day of hatch and after 7 and 42 d of grow-out,
respectively.

In a study by Patterson et al. (1990), chlorine dioxide
solution proved to be an effective decontamination inter-
vention for hatching eggs, but extreme concentrations
negatively affected both fertility and hatchability. Un-
like the negative impacts of chlorine dioxide, PUV light
appears to have no real negative effects on incubation or
rearing parameters.

CONCLUSIONS

At the minimum PUV light level evaluated (1.0 J/
em?), PUV light treatment achieved significant microbi-
al reductions of >3.43 and 2.03 Log;y CFU/cm? for E.
coli K12-NSR and E. faecium, respectively, on the sur-
face of shell eggs. At an extreme exposure level
(48.8 J/cm?), PUV light treatment had no adverse ef-
fects on fertility, percent hatch, and livability of fertile
eggs. Pulsed ultraviolet lights effect on hatchability
was inconclusive and should be further evaluated. These

results indicate that PUV light is an effective antimicro-
bial treatment for all eggs, intended for consumption or
commercial incubation. Further research is necessary to
determine if interior egg characteristics are altered when
PUV light is delivered to the exterior shell surface.
Before commercial implementation, it would be benefi-
cial to evaluate the effectiveness of PUV light using
actual pathogenic strains that might be found on eggs.
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